Using 16S rRNA gene sequencing analysis, we examined the bacterial diversity and the presence of opportunistic bacterial pathogens (i.e., Campylobacter and Helicobacter) in red knot (Calidris canutus; n ‫؍‬ 40), ruddy turnstone (Arenaria interpres; n ‫؍‬ 35), and semipalmated sandpiper (Calidris pusilla; n ‫؍‬ 22) fecal samples collected during a migratory stopover in Delaware Bay. Additionally, we studied the occurrence of Campylobacter spp., enterococci, and waterfowl fecal source markers using quantitative PCR (qPCR) assays. Of 3,889 16S rRNA clone sequences analyzed, the bacterial community was mostly composed of Bacilli (63.5%), Fusobacteria (12.7%), Epsilonproteobacteria (6.5%), and Clostridia (5.8%). When epsilonproteobacterium-specific 23S rRNA gene clone libraries (i.e., 1,414 sequences) were analyzed, the sequences were identified as Campylobacter (82.3%) or Helicobacter (17.7%) spp. Specifically, 38.4%, 10.1%, and 26.0% of clone sequences were identified as C. lari (>99% sequence identity) in ruddy turnstone, red knot, and semipalmated sandpiper clone libraries, respectively. Other pathogenic species of Campylobacter, such as C. jejuni and C. coli, were not detected in excreta of any of the three bird species. Most Helicobacter-like sequences identified were closely related to H. pametensis (>99% sequence identity) and H. anseris (92% sequence identity). qPCR results showed that the occurrence and abundance of Campylobacter spp. was relatively high compared to those of fecal indicator bacteria, such as Enterococcus spp., E. faecalis, and Catellicoccus marimammalium. Overall, the results provide insights into the complexity of the shorebird gut microbial community and suggest that these migratory birds are important reservoirs of pathogenic Campylobacter species.
M
igratory birds are often suggested as vectors of infectious diseases due to their potential for spreading pathogens over large geographical distances (1) (2) (3) . Shorebirds have among the longest migration routes of animals worldwide and are known to congregate in large flocks, often numbering over 10,000 individuals (4, 5) . During their migration, which on an annual basis may comprise over 10,000 miles, shorebirds visit many different habitats, including a number of refueling or staging sites. As these birds live and forage intensively and in high densities in these staging habitats, it is reasonable to propose that such sites play an important role in further spreading of microorganisms due to the close contact with conspecifics and other migratory bird species. As some of these microorganisms can be pathogenic, such interactions could have important water monitoring as well as public health ramifications. Indeed, a wide variety of bird species have been found to harbor human and avian pathogens, among them gulls (6) (7) (8) (9) , geese (9) (10) (11) , terns (9) , psittacines (12) , corvids (7), raptors (6) , songbirds (4, 7) , and shorebirds (8) (9) (10) . Some of the human and avian pathogens identified thus far are bacteria such as Escherichia coli (3, 11) , Streptococcus spp. (7), Salmonella spp. (8) , Helicobacter spp. (12) , Campylobacter spp. (1, 5, 13) , and Yersinia spp. (14) , protozoan parasites such as Cryptosporidium spp. (2) , and viral pathogens such as avian influenza (9) , avian paramyxoviruses (8) , and West Nile virus (15, 16) .
Shorebirds have largely been ignored as potential sources of fecal pollution, possibly due to their small size and relatively short stay at staging sites. At one particular staging site in Delaware Bay, every spring thousands of shorebirds aggregate to refuel for their migration to the Canadian Arctic. For an average of 3 weeks, these birds intensively use the beaches around the bay to forage on eggs of the horseshoe crab Limulus polyphemus. These birds have been observed to defecate every 5 min (17) , resulting in a continuous contribution of fecal matter to their environment. Delaware Bay lies between the heavily populated coastal areas of Delaware and New Jersey, and during spring and summer it is extensively used for recreational activities. As a result, shorebirds may impact the microbial water quality of recreational areas within this bay through fecal deposition and increase human health risks if shorebirds indeed harbor human pathogens.
To date, little is known about the gastrointestinal microbiota of shorebirds. This information is relevant to determine the potential risks associated with them and critical to the development of tools that can help us assess their fecal loads in recreational waters. To our knowledge, only one study has focused on the identification of gut microbiota diversity in shorebirds. Using 16S rRNA gene sequencing analysis, Santos et al. (18) studied the cloacal bacterial composition of the shorebird species common redshank (Tringa tetanus), black-winged stilt (Himantopus himantopus), and black-tailed godwit (Limosa limosa). Despite the relatively small number of R2A isolates (n ϭ 240) and clone (n ϭ 58) sequences examined, they identified several genera, such as Campylobacter/Helicobacter, Escherichia, Staphylococcus, and Legionella. Some species of these genera include potential human pathogens. It should be noted that other studies have shown that birds are reservoirs of Campylobacter spp. (19) , and that as a group these bacteria may be part of some birds' commensal microbiota (20) . While there is no evidence of Campylobacter strains pathogenic to birds, several studies have detected species considered pathogenic to humans, such as C. jejuni, C. coli, and C. lari (21, 22) . As these bacterial species can cause severe gastroenteritis in humans, deposition of these and other pathogens via shorebird fecal pollution in coastal areas poses a potential human health threat. Besides the potential role of shorebirds as vectors of human disease, it is important to gain insight into the gut microbiota composition of shorebirds to determine their link, if any, to the health of the shorebird population. Specifically, numbers of many migratory shorebird species are declining at alarming rates, and to assess the effect of disease on population numbers, it is imperative to investigate the diversity of their gut microbiota.
The primary goals of this study are (i) to characterize fecal bacterial diversity and interspecific bacterial variation of three shorebird species, red knot (Calidris canutus), ruddy turnstone (Arenaria interpres), and semipalmated sandpiper (Calidris pusilla), during the spring migration staging period in Delaware Bay and (ii) to examine the occurrence of potentially pathogenic members of the Epsilonproteobacteria class, specifically Campylobacter and Helicobacter species. We addressed these objectives by identifying the compositions of the bacterial communities found in fecal samples collected from shorebirds in Delaware Bay during the spring migration staging period through use of 16S and 23S rRNA gene-based analyses.
MATERIALS AND METHODS
Sample collection and DNA extraction. We captured birds by canon net in Delaware Bay between 13 and 27 May 2011. A total of 40, 35, and 22 fecal pellets were collected from red knots, ruddy turnstones, and semipalmated sandpipers, respectively. Upon capture, birds were color banded to ensure individual recognition and placed in individual cardboard boxes lined with sterile waxed paper for collection of feces. Fecal pellets were preserved on site in sterile 2-ml collection tubes prefilled with 96% ethanol. Samples were stored at 4°C until further analyses. A total of 12 water samples were also collected from three locations, Port Mahon, Misillion Harbor, and Broadkill Beach, presumed to be impacted by shorebirds. Water samples (250 ml) were filtered onto polycarbonate membranes (0.4-m pore size, 47-mm diameter) (GE Water and Process Technologies, Trevose, PA) at the Delaware Biotechnology Institute, University of Delaware, Lewes, DE, and stored at Ϫ80°C. The membrane filters and fecal samples were shipped overnight frozen to the U.S. EPA laboratory (Cincinnati, OH). Fecal samples were spun down for 3 min at 14, 000 rpm and washed three times with one ml of sterile molecular biology-grade water (Fisher Scientific, Pittsburgh, PA) to further remove the ethanol (23) . DNA extractions were performed on the ethanol-free fecal pellets and membrane filters using Mo Bio PowerLyzer PowerSoil kits according to the manufacturer's protocol (MO BIO Laboratories, Carlsbad, CA). DNA extracts were stored at Ϫ20°C until further processing.
All sampling procedures were in compliance with animal welfare laws of the United States, and all permits necessary for shipping and handling of biological samples were obtained.
Cloning and sequencing analyses. A total of 18 DNA extracts from three bird species (six samples for each bird species) were used as templates in PCR assays using domain-specific Bacteria (eubacteria) 16S rRNA gene primers 8F (5=-AGAGTTTGATCMTGGCTCAG-3=) and 785R (5=-ACTACCRGGGTATCTAATCC-3=), as described elsewhere (8, 24) . In addition, the class-specific epsilonproteobacterial 23S rRNA gene primers EPS_23S_1325F (5=-TCGTCATCGTAGGGTTAG-3=) and EPS_23S_1763R (5=-GTAAACAGTCGGGAGGGA-3=) were used specifically for the amplification of Campylobacter and Helicobacter against 18 fecal and three water samples (25) . PCR amplifications were performed in 25 l using the polymerase TaKaRa Ex Taq (TaKaRa Bio Inc.) in a BioRad Tetrad2 Peltier thermal cycler (Bio-Rad, Hercules, CA) under the following cycling conditions: one initial denaturation step at 95°C for 5 min and then 30 cycles of 1 min at 95°C, 1 min at 56°C or 55°C (for the domain Bacteria or Epsilonproteobacteria, respectively), and 1 min at 72°C. PCR products were visualized in 1.5% agarose gels using GelStar nucleic acid gel stain (Lonza, Rockland, ME).
Domain Bacteria and class Epsilonproteobacteria PCR products were cloned into pCR4 TOPO vector and transformed into TOPO10 chemically competent E. coli cells as described by the manufacturer (Invitrogen, Carlsbad, CA). The clone libraries were developed from PCR products generated using fecal and water DNA extracts. Individual E. coli clones were subcultured into 300 l of Luria Broth containing 50 g/ml ampicillin and screened for inserts using M13 PCR. The PCR products were sequenced using an Applied Biosystems Prism 3730XL DNA analyzer (Children's Hospital DNA Core Facility, Cincinnati, OH). Raw sequences were processed using Sequencher software (Gene Codes, Ann Arbor, MI). Chimeric sequences detected using Bellerophon (26) were not included in further analyses. Sequences were submitted to Greengenes for alignment using the nearest alignment space termination algorithm (27, 28) . The clone libraries were compared using the Ribosomal Database Project (RDP) naive Bayesian rRNA classifier, version 2.5, with a 95% confidence threshold (29) . For 16S rRNA gene sequences, homology searches of DNA sequences in the GenBank (NR) database were undertaken with the National Center for Biotechnology Information (NCBI) BLASTn application (http://www.ncbi.nlm.nih.gov/BLAST/). Phylogenetic trees for shorebird excreta and water sample sequences were constructed using the neighbor-joining method. 16S and 23S rRNA gene sequences obtained from the GenBank database were used as bacterial reference sequences. Bootstrap values were based on 1,000 replications. (33) , and E. casseliflavus (33) were performed against water and fecal DNA extracts in 25-l reaction mixtures containing 1ϫ TaqMan universal PCR master mix with AmpErase uracil-N-glycosylase (Applied Biosystems, Foster City, CA) and 0.2 g/l bovine serum albumin (Table  1) . Tenfold dilutions of each DNA extract were used to test for PCR inhibition (21, 34) . The amplification protocol involved an initial incubation at 50°C for 2 min to activate uracil-N-glycosylase, followed by 10 min of incubation at 95°C to activate AmpliTaq Gold enzyme and then 40 cycles of 95°C for 15 s and the optimum annealing temperature for 1 min ( Table  1 ). The qPCR assays were performed using a 7900 HT fast real-time sequence detector (Applied Biosystems, Foster City, CA). All assays were performed in duplicate in MicroAmp optical 96-well reaction plates with MicroAmp optical caps (Applied Biosystems, Foster City, CA). PCR data were analyzed using ABI's Sequence Detector software (version 2.2.2). Four independent standard curves for each qPCR assay were generated by plotting threshold cycle (C T ) values against the number of target copies corresponding to serially diluted plasmid standards purchased from IDT (Coralville, IA). The target copy numbers (T) were estimated by the equa-
23 , where D (g/l) is plasmid DNA concentration and PL (bp) is plasmid length. Each standard curve was generated from at least five 10-fold plasmid dilutions performed in triplicate. Percent amplification efficiencies were calculated according to the instrument manufacturer's instructions (Applied Biosystems). Two notemplate controls per PCR plate were used to check for cross-contamination.
The gull2 SYBR green-based qPCR assay targeting the 16S rRNA gene of Catellicoccus marimammalium (8) was conducted against fecal and water samples using aliquots from respective DNA extracts (2 l) as templates (Table 1) . This marker has been detected in waters presumed to be affected by gull fecal contamination (21, 35) . Reaction mixtures (25 l) contained 1ϫ Power SYBR green master mix (Applied Biosystems, Foster City, CA), 0.2 g/l bovine serum albumin, and 0.2 M (final concentration) primers. The amplification protocol involved incubation at 50°C for 2 min, followed by 95°C for 10 min and then 40 cycles of 95°C for 15 s and 64°C for 1 min with a fluorescence read, followed by a melting curve analysis from 60 to 90°C in 0.1-degree increments. Equipment and data analysis were performed as described above. Dissociation curves were examined to determine the presence of potential primer-dimers and other nonspecific reaction products. Signal intensity values were recorded for those reactions showing one corresponding amplification peak within the disassociation curves. In addition, PCR products were visualized in 1.5% agarose gels to confirm the size of amplification products.
Nucleotide sequence accession numbers. Sequences of different representative taxa obtained in this study were deposited in GenBank under accession numbers KC993229 to KC993796.
RESULTS AND DISCUSSION
Taxonomic and phylogenetic analyses of bacterial 16S rRNA gene sequences. Most fecal samples (i.e., 80 to 91%) from red knot, ruddy turnstone, and semipalmated sandpiper birds were positive with the general eubacterial assay (data not shown). Six eubacterium-positive samples from each bird species were selected for constructing clone libraries. A total of 1,097, 1,345, and 1,447 clone sequences were analyzed to determine the identities of excreta bacteria of red knots, ruddy turnstones, and semipalmated sandpipers, respectively. Excluding unclassified sequences or those classified as unknown, a total of 27 bacterial genera were represented in the shorebird clone libraries (Table 2) . Specifically, 23, 9, and 14 bacterial genera were identified for ruddy turnstones, red knots, and semipalmated sandpipers, respectively. The bacterial community of these three shorebird species was mostly composed of populations closely related to the classes Bacilli, Clostridia, Fusobacteria, and Epsilonproteobacteria, whereas few sequences were classified as the class Bacteroidia. The relatively low abundance of Bacteroidia in shorebird excreta is consistent with other avian studies (8, (35) (36) (37) (38) (39) and further suggests that members of this class are not ideal targets in avian microbial source tracking studies.
A total of 280 operational taxonomic units (OTUs) (97% sequence similarity) were detected in our fecal samples. Shorebird species showed high variability in fecal OTU composition, with 97, 58, and 81 unique OTUs for ruddy turnstones, red knots, and semipalmated sandpipers (Fig. 1) . Only 15 OTUs were shared by all three species, but these 15 OTUs accounted for 55% of all sequences. These results indicate that our three shorebird species share a core gut microbiota, which consisted predominantly of Bacillus spp. (42%). Despite the high number of unique OTUs per shorebird species, these OTUs represented a relatively low abundance of 3.1 to 10.8% of all sequences. One hypothesis for the origin of the large shared fraction of bacterial species among these shorebird species is the similar diet and habitat the birds encounter in Delaware Bay, and that species-specific gut microbes are acquired elsewhere. Alternatively, it is possible that Bacilli spp. are selectively retained year-round due to the gut selective pressure. For the Bacilli, more than 50% of all shorebird sequences were classified as Bacillus or Catellicoccus; moreover, these bacterial groups were detected in all of the clone libraries (n ϭ 18) from all three shorebird species. Most Catellicoccus-like sequences showed 95% sequence identity to C. marimammalium (Fig. 2) , which is detected predominantly in gull feces (8, 35) . Only one sequence, from ruddy turnstones, was identical to that of C. marimammalium. The latter species is rarely detected in avian species other than gulls, but it should be noted that there are significantly fewer studies on avian bacterial diversity than on, for example, mammalian hosts. The fact that shorebirds staging in Delaware Bay forage in close proximity to several gull species might provide a route for interspecific transmission of C. marimammalium. However, most shorebird Catellicoccus-like sequences were different from those identified in the clone libraries of other migratory birds, such as the sandhill crane and snow goose (i.e., Ͻ96% identity) (39) . Thus, novel Catellicoccus-like species seem to be common bacteria in shorebird and waterfowl intestinal microbiota. Their wide distribution and relative abundance suggest that as a group, Catellicoccus spp. interact with the host at some level. Interestingly, genome analysis of C. marimammalium has suggested that this bacterium is transitioning from a commensal into an obligate symbiont (40) . Genome sequences of additional isolates are needed to determine if other Catellicoccus-like species have similar reduced metabolic pathways that are compatible with a symbiotic lifestyle. Such evidence will further support the use of this bacterial group as targets for development of tracking markers based on fecal sources.
Besides the two dominant genera within the Bacilli, 13% (188/ 1,447) of the sequences from semipalmated sandpipers were classified as Lysinibacillus, a species which is commonly found in soil or near plant roots and is known as an insect pathogen. However, the sequences were detected in only one of six semipalmated sandpiper clone libraries, suggesting that Lysinibacillus members are not common intestinal bacteria of semipalmated sandpiper, or that their densities are lower than the detection limits of the sequencing approach used in this study. Cetobacterium and Fusobacterium were identified as the main genera within the class Fusobacteria for all three shorebird species ( Fig. 2 and Table 2 ). Most sequences within the class Clostridia were classified at less than the family level (i.e., Clostridiales order, unclassified), suggesting that many of these represent novel bacterial assemblages. A relatively high prevalence of opportunistic human pathogens within the class Epsilonproteobacteria was observed in the general eubacterial clone libraries of all of the shorebird species tested in this study ( Fig. 2 and Table 2 ). Specifically, Campylobacter spp. were detected in all three bird species, whereas Helicobacter-like sequences were detected in the ruddy turnstone and red knot clone libraries but not in the semipalmated sandpiper samples. Based on the latter results, we developed and analyzed Epsilonproteobacteria-specific clone libraries to further identify the species diversity associated with these two genera.
Species diversity of Campylobacter and Helicobacter. Epsilonproteobacteria were detected in 43, 43, and 41% of fecal samples from red knots, ruddy turnstones, and semipalmated sandpipers, respectively, using the class-specific PCR assay. Six samples of each bird species that were positive for Epsilonproteobacteria were selected for constructing epsilonproteobacterial 23S rRNA gene clone libraries. A total of 1,414 epsilonproteobacterial clone sequences were obtained from shorebird excreta, and most sequences were closely related to Campylobacter spp. or Helicobacter spp. (Fig. 3 and Table 3 ). Campylobacter species sequences represented more than three times the number of Helicobacter species sequences in all three shorebirds. Additionally, 241 sequences were obtained from water samples. Neither Campylobacter spp. nor Helicobacter spp. were identified in the water samples; most epsilonproteobacteria water sequences were classified as Arcobacter-like bacteria or unclassified epsilonproteobacteria (Fig. 3) . Campylobacter species have a broad host range, including many birds (41) and mammals (42) . In particular, C. jejuni, C. coli, and C. lari are known to be pathogenic species causing human gastroenteritis worldwide (43, 44) . In this study, C. lari (Ͼ99% identity) was identified in 38.4%, 10.1%, and 26.0% of clone sequences from ruddy turnstones, red knots, and semipalmated sandpipers, respectively (Table 3) . However, other pathogenic species of Campylobacter, such as C. jejuni and C. coli, were not detected in any of three bird excreta (Fig. 3) . In bacterial 16S rRNA clone libraries, more sequences of Campylobacter spp. were associated with red knots than the other two bird species (Table 2) , but more than 70% of sequences in epsilonproteobacterial clone libraries retrieved from red knots were classified as nonpathogenic species (Table 3) . Pathogenic Campylobacter species have been detected frequently in waterfowl, such as gulls, Canada geese, Whistling swans, sandhill cranes, and snow geese (20, 21, 22) . Lu et al. (21) reported that most Campylobacter sequences identified from gull excreta were novel, whereas fewer than 2% of isolates were classified as C. jejuni and C. lari. More recently, C. jejuni was identified as the most dominant Campylobacter species in sandhill crane excreta (22) . Besides pathogenic species, the vast majority of Campylobacter sequences obtained from the shorebird clone libraries showed 90 to 93% sequence identity to C. fetus, C. hyointestinalis, and C. hominis and may represent novel species (Table 3) .
No sequences closely related to Helicobacter pathogenic species, such as H. pylori, were detected in any of the clone libraries (Table 3 ). H. pametensis was identified (i.e., Ͼ99% identity) in 14.1% and 3.6% of clone sequences from red knots and semipalmated sandpipers, respectively, whereas most Helicobacter 16S rRNA gene sequences detected in ruddy turnstone samples (i.e., 15.9%) showed 92% sequence identity to H. anseris.
qPCR assays. The presence of Campylobacter spp., Enterococcus spp., and C. marimammalium was detected in the fecal samples of the shorebird species tested in this study using qPCR assays. Campylobacter spp. were more prevalent in shorebird excreta (i.e., 44%; n ϭ 97), than Enterococcus spp. (12%) and C. marimammalium (13%) ( Table 4) . Ryu et al. (33) reported a relatively high prevalence of Enterococcus spp. using genus-and species-specific qPCR assays in avian species such as gull, duck, swan, chicken, turkey, pelican, and guinea fowl. In contrast, relatively low prevalences and concentrations of Enterococcus spp. and E. faecalis were observed in fecal samples from three shorebird species tested in this study, whereas E. faecium and E. casseliflavus were not detected in any of the samples. These results suggest that enterococci are not good indicators of microbial water quality for monitoring waters fecally affected by some shorebird species.
Interestingly, 13 of 97 shorebird fecal samples were positive for the gull2 assay, which targets the 16S rRNA gene of C. marimammalium (Table 4 ). This result is consistent with a previous study that reported low levels of cross-amplification of the gull2 assay with shorebird excreta (35) . It should be noted that the signal intensities of the gull2 assay in shorebird fecal samples (Fig. 4) were several orders of magnitude lower than those in gull fecal samples (35) . Most Catellicoccus-like sequences identified from shorebirds showed 95% sequence identity to C. marimammalium. While the presence of sequences closely related to C. marimammalium may be responsible for the observed cross-amplification with shorebird fecal samples, in silico analysis of the sequences The presence of such mismatches, the low signal intensity associated with the fecal samples, and the relatively high annealing temperature (i.e., 64°C) used for the assay suggest that C. marimammalium is present in very small amounts in those birds that tested positive with the gull2 assay. Most of the water samples (i.e., 92%; n ϭ 12) were positive for Campylobacter spp. Moreover, Campylobacter spp. had the highest qPCR signal intensity among the tested fecal bacteria (Table 4 and Fig. 4) . Overall, the qPCR results are comparable to those of the phylogenetic analyses that show Campylobacter spp. to be more prevalent than Enterococcus spp. in the tested shorebird excreta. Interestingly, of the 241 epsilonproteobacterial water clones analyzed, none of the sequences were classified as Campylobacter-like sequences but as either Arcobacter-like bacteria or unclassified Epsilonproteobacteria (Fig. 3) . The lack of Campylobacter-like sequences suggests that deeper sequence coverage is needed for the identification of the Campylobacter species present in these environmental waters. Thus, while the approach used in this study provided insight on the occurrence of potentially relevant fecal bacterial groups in the water samples tested, future studies should consider using next-generation sequencing platforms (e.g., Illumina MiSeq), as they will allow us to examine more samples at a higher sequencing depth. C. marimammalium and Enterococcus spp. were detected in 11 and 7 water samples, respectively. While the relative concentration of C. marimammalium to that of Campylobacter spp. was very low in shorebird excreta, there was a relatively high occurrence and intensity of C. marimammalium qPCR signals in the tested water samples (Fig. 4) . It is possible that differences in water survival rates explain the differences in overall levels of qPCR signals among the fecal bacteria tested in this study. In the case of C. marimammalium, a more reasonable explanation is that there are other fecal pollution sources associated with these environmental waters. Indeed, during the sampling collection, large numbers of gulls were present at the collection sites. High densities of C. marimammalium have been reported for gull feces (35) , in turn suggesting that gulls are the primary source of this particular fecal bacterial species at these sites.
In summary, we studied the fecal bacterial diversity of three shorebird species and found that they harbor a relatively diverse gut microbial community composed of more than 30 different genera. Despite the differences in their fecal bacterial community structure, more than half of our bacterial sequences were found in all three species. For example, members of the bacterial classes Bacilli, Clostridia, Fusobacteria, and Epsilonproteobacteria were among the most abundant species in all three shorebirds. The high numbers of Bacilli and low numbers of Bacteroidia found in our study are consistent with other avian studies focusing on shorebirds, waterfowl, and poultry. These results suggest interactions between the avian host and its gut microbial community that promote the selection of some bacterial groups over others, a phenomenon that has been previously noted in mammals (24) . While this study provides potential insights into shorebird gut microbiota, it is still unclear what factors affect interspecies variation. Clearly, additional studies on the relationship between dynamics of gut microbial ecology and environmental conditions, such as habitat and food sources, migration conditions, and climate changes, are needed. These studies need to identify gut microbiota over a large number of shorebird species as well as over a larger geographical range.
From a public health standpoint, the data indicate that these shorebirds are sources of fecal bacteria relevant to fecal monitoring (enterococci), to fecal source identification (C. marimammalium), and to health risks (Campylobacter spp.). However, relatively low abundances of pathogens also suggest that large numbers of shorebirds are needed to have an impact on the water quality. This is the case in the Delaware Bay during migratory bird stopovers. Similarly, detection of pathogenic bacteria, such as C. jejuni associated with migratory bird fecal loads, will be less likely before and after the migratory season. Lastly, while currently available C. marimammalium-based gull assays might be used to determine the presence of bacterial loads in migratory shorebird feces, the development of additional assays is needed to better estimate fecal loads of each of these shorebird species.
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